A novel molecular tool for double-stranded (ds) DNA detection using synthetic peptide is described. The peptide was designed based on the DNA binding domain of the λ phage CRO repressor (CRO). The designed peptides contain helixturn-helix (HTH), which is DNA binding motif. A cyclic peptide and a mutant peptide based on CRO were also designed, and the resulting affinity for dsDNA was increased. Furthermore, native amino acids of the peptide were replaced with arginine to increase the affinity for dsDNA. The affinity of these peptides for DNA binding was assessed by surface plasmon resonance (SPR) technique.
Introduction
The widespread application of synthetic peptides for enhanced molecular recognition has been reported in various research fields. [1] [2] [3] The combinations of 20 different amino acids produce a wide diversity of physical properties and conformations, since a specific affinity of a peptide to various materials is produced. Fmoc chemistry, 4 which is simple peptide synthesis, has also been exploited.
Consequently, the use of peptides for molecular-recognition elements has been highlighted.
In this research, we applied synthetic peptides for the analysis of DNA. Current DNA detection methods are based on labeling a target DNA or using intercalators. 5 These methods are expensive and time-consuming problems. Therefore, we tried to construct a novel peptide which recognizes dsDNA without any sequence specificity. The peptides were designed based on the DNA binding domain of DNA-binding protein. The λ phage CRO repressor (CRO) is a DNA-binding protein, and the structure with DNA has been reported. 6 CRO has a helix-turnhelix (HTH), which is a common DNA-binding motif present in many DNA-binding proteins. HTH consists of two α-helices connected by a short linker (turn). Due to this simple conformation, we chose CRO as a model to design a novel peptide. In addition, we tried to restrict the structure of the peptide by cyclizing a peptide or adding 2,2,2-trifluoroethanol (TFE). 7, 8 Furthermore, to increase the affinity for DNA, native amino acids were substituted as basic amino acids.
Experimental

Synthesis of peptides on the basis of CRO
The designed peptides were synthesized by Fmoc chemistry using automated peptide synthesizer (Shimadzu, PSSM 8).
Oxidation of the peptide was performed for cyclization overnight in 20 mM ammonium acetate buffer (pH 8.0). Peptide purification was carried out by reversed-phase HPLC (Tosoh, TSKgel ODS-80Ts, 21.5 mm in diameter, 300 mm long). The synthesized peptide was confirmed by matrixassisted laser desorption ionization time-of-flight mass spectrometry (Applied Biosystems, Voyager RP). The sequences of designed peptides are shown in Table 1 .
SPR analysis of designed peptides
The affinity of peptides to DNA was investigated using SPR analyzer (Biacore 3000). Biotinylated 40 mer single-stranded (ss) DNA (TAGACGGCATTCAGCTGTATGTGACCACGA-TCCCAATGGT) was immobilized on avidin-coated sensor chip SA (Biacore) in high ionic-strength HBS-EP buffer (Biacore, 10 mM HEPES, 150 mM NaCl, 3 mM EDTA, 0.005% Tween 20, pH 7.4) by adding 1 M NaCl. The amount of immobilized ssDNA ranged between 900 and 1800 resonance unit (RU). When dsDNA was constructed on a sensor chip, matched DNA was injected into a flow cell in which ssDNA was immobilized. The response ranged between 900 and 1800 RU for hybridization, and corresponded to immobilized DNA. Hence, dsDNA was formed on the sensor chip. The DNApeptide interactions were investigated in HBS-EP buffer, and the temperature and flow rate were controlled at 25˚C and 30 µl/min, respectively. The peptide was injected for two min, followed by washing the flow cell for 3 min by HBS-EP buffer. A 10% v/v TFE was included in the analyte peptide solution of the HBS-EP buffer to investigate the effect of TFE.
Structural analysis of the designed peptides
The secondary structure of the designed peptides was investigated using Circular Dichroism (CD) spectropolarimeter (JASCO, J-720). The analyzed peptide was dissolved in 10 mM sodium phosphate buffer (pH 7.4). Figure 1 shows the SPR analysis of the designed peptides; 40 mer ssDNA and dsDNA, which had the same sequence without a specific binding site of native CRO, were immobilized on flow cell 3 and 4, respectively. The designed peptides were injected into each flow cell. Peptide 1, which corresponds to the sequence HTH (16 -35) of native CRO, was examined first. When CRO binds to DNA, the C-terminal helix of HTH interacts with the major groove of DNA. However, the affinity of Peptide 1 to dsDNA was very low, and it also bound to ssDNA. In order to stabilize the conformation of the peptide, a longer peptide (Peptide 2) composed of HTH and its next third helix (7 -14) was designed. It is known that the third helix stabilizes HTH by hydrophobic interaction and hydrogen bonding. A cyclic peptide (Peptide 3) was also designed. The resulting affinity of Peptide 2 and Peptide 3 to dsDNA was increased. Especially, regarding Peptide 3, the difference between the affinity of the peptide to ssDNA and dsDNA was large. The affinities of Peptides 1, 2, 3 for dsDNA containing specific binding sites of native CRO were also analyzed.
Results and Discussion
Conformational effects on DNA-peptide interaction
However, the affinity of a peptide for DNA with a CRO binding site was the same as random DNA. Since the conformation of Peptide 3 was restricted by cyclizing, the conformational difference between ssDNA and dsDNA would have been recognized regardless of the DNA sequence. Furthermore, the effect of TFE on the affinity between the peptides and dsDNA was investigated. TFE stabilizes the α-helical structure by enhancing the hydrogen bond. A 10% v/v TFE was included in the analyte peptide solution and SPR measurement was performed. Especially, the affinity of Peptide 3 to dsDNA increased (data not shown). The effect of the secondary structure of TFE was analyzed using a CD spectropolarimeter. The CD spectra showed the specific signals of the α-helix at 222 and 209 nm (data not shown). A peptide which had a structure that forms HTH demonstrated high affinity to dsDNA, compared with ssDNA. This suggests that the stability of the secondary structure is important for the specific recognition of dsDNA.
Influence of basic amino acid on the DNA-peptide interaction
It is known that the C-terminal helix of HTH, which interacts with the major groove of DNA, contains many basic amino acids and interacts with the DNA backbone. Therefore, in order to increase the affinity to dsDNA by electrostatic interaction, Peptide 4 and Peptide 5, in which three amino acids were replaced to arginine, were designed. SPR measurement of Peptide 4 and Peptide 5 showed higher affinity to dsDNA (Fig.  1) as well as faster association. The effect of the ionic strength on the DNA-peptide interaction was analyzed by varying the concentration of NaCl in the running buffer. The affinity of peptide to ssDNA and dsDNA decreased as the ionic strength increased. Based on these results, it seems that the DNApeptide interaction includes two steps. First, the peptide approaches DNA by electrostatic interaction, and peptide recognizes the structure of the DNA. Because of increasing basic amino acids, nonspecific binding to ssDNA also increases. Therefore, to identify the essential arginine to recognize dsDNA, the replaced arginines were re-substituted to the original amino acids (Peptide 4A, Peptide 4B, Peptide 4C). The result of SPR measurement showed that Peptide 4B had the lowest affinity to dsDNA (data not shown). This result indicates that arginine 22 was the most important of the three to recognize dsDNA. These results show the potential to control the binding specificity of a peptide.
